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Abstract  
Although many discussions on nuclear safety and sustainability have been occurred after Fukushima Daiichi Nuclear 
Power Plant accident, nuclear energy and nuclear fuel cycle including fast reactors (FR) would be still indispensable 
for the long term stable supply of electricity in Japan. Commercial FR would be introduced in the future by the 
replacement of light water reactors (LWR) to FR. There are several important factors to be considered for LWR-to-
FR transition, such as FR deployment start-time and rates, enough and no excess plutonium supply for the FR, 
proliferation resistance, fuel cycle cost, and so on. Thus flexible fuel cycle system was proposed in this paper for the 
suitable transition from LWR to FR. 
The proposed system, Flexible Fuel Cycle Initiative (FFCI), removes ~90% uranium from LWR spent fuel in LWR 
reprocessing and residual material named recycle material (RM), which contains ~50% U, ~15% Pu and ~35% other 
nuclides, is treated in FR reprocessing to recover Pu and U for FR fresh fuel. If the FR deployment rate becomes 
lower, the RM (~1/10 volume of original spent fuel) will be stored until the higher rate again. 
The FFCI has some merits compared with ordinary system that consists of full reprocessing facilities for both LWR 
and FR spent fuels. The economy is better for FFCI due to the smaller LWR reprocessing facility (only U removal).  
The FFCI can supply high Pu concentration RM, which has high proliferation resistance and flexibly respond to FR 
deployment rate changes. Volume minimization of spent LWR fuel is possible for FFCI by its conversion to RM. 
Several features of FFCI were quantitatively analyzed such as Pu mass balance, reprocessing capacities, spent LWR 
fuel amounts, RM amounts, and proliferation resistance to compare the effectiveness of the FFCI system with the 
ordinarily considered system. The calculated Pu balance revealed that the FFCI could supply enough but no excess 
Pu to FR. The results demonstrated the applicability of FFCI system to the smooth LWR-to-FR transition. 
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1. Introduction 
The east Japan mega-earthquake (magnitude 9.0) and subsequent huge Tsunami on March 11, 2011 
brought serious damages to Fukushima Daiichi Nuclear Power Plant units 1-4.  Maximum efforts by 
various Japanese and foreign experts could finally cool down the reactor cores and spent fuel pools. It will 
take long time for the complete stabilization and decommissioning of the Plant and the decontamination 
of the surrounding area. We, especially nuclear experts, should continue our best for the recovery from 
this tragic disaster. After the Fukushima Daiichi Nuclear Power Plant accident, there have been many 
discussions on nuclear safety and sustainability not only in Japan but in the world. Many countries started 
the safety re-investigation of the existent nuclear power plants. Germany decided to phase out the nuclear. 
France, China and India will continue nuclear with enhanced safety. As for Japan, governmental 
committees have been investigating with opinion leaders in various fields how to proceed with nuclear 
utilization and development. There are three options now considered in the committees; 0%, ~15% and 
20-25% nuclear energy ratios in the total electricity supply in 2030.  
Considering the expensive fuel and CO2 emission for thermal energies and instability and high cost for 
reproducible energies, the authors believe that energy best mix and partial (15-25%) nuclear contribution 
will be necessary in 2030 and beyond. Nuclear fuel cycle including fast reactors (FR) is also necessary for 
effective U utilization in Japan which has few energy resources. The FR will act as breeder in case of Pu 
shortage and as consumer in case of Pu surplus. The replacement of LWR to FR after FR 
commercialization will start around 2050 under its appropriate conditions and take more than 60 years 
according to the former nuclear energy policy framework [1]. The authors referred the framework and 
proposed the innovative fuel cycle system FFCI for the flexible application to the transition period from 
LWR to FR including the consideration on the proliferation resistance. This paper aims at the clarification 
of the compatibility and applicability of FFCI.  
2. Nuclear Fuel Cycle for the LWR-to-FR Transition 
Figure 1 shows the typical transition period fuel cycle systems, ordinarily considered and newly 
proposed (FFCI) ones [2, 3]. The ordinary system has full reprocessing plants for LWR and FR spent 
fuels which consist of head-end (chop and leach), fission products (FP) separation, U 
recovery/purification, Pu/U recovery/purification, FP/minor actinides (MA) treatment, and FR fresh fuel 
fabrication processes. The Japan’s 2nd LWR reprocessing plant will have the same role as the Rokkasho 
reprocessing plant (RRP) now at the final stage of the active test although recovered Pu/U from RRP will 
be supplied to LWR (not to FR). The 2nd LWR reprocessing will remove FP and most U from LWR spent 
fuel and fabricates FR fresh fuels using recovered Pu/U. Its role is to supply Pu needed for FR startup, 
then the capacity and availability are highly dependent on the FR deployment status which will be quite 
difficult to predict before the construction of the 2nd LWR reprocessing plant. If the FR deployment rate 
becomes slower than the Pu/U recovery (pure Pu/U production) rate, excess Pu/U might be temporarily 
stored as reprocessing product or FR fresh fuel which has low proliferation resistance. Another 
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countermeasure is the decrease of Pu/U production rate (temporary storage of LWR spent fuel) which will 
lead to the low availability and worse economy for 2nd reprocessing plant operation.  
On the other hand, newly proposed FFCI system aims at enhancing the flexibility to accommodate 
various uncertainties in transition period fuel cycle from LWR to FR. The 2nd LWR reprocessing in FFCI 
only carries out about 90% U removal from LWR spent fuel, then the composition of remaining spent fuel 
named recycle material (RM) is about 50% U, 15% Pu, and 35% FP/MA. The removal amount of U from 
LWR spent fuel can be adjusted depending on the Pu concentration in the spent fuel so that the Pu/U ratio 
in the RM is suitable for the composition of FR core fuel. For example, less amount of U should be 
removed from LWR mixed oxide (MOX) spent fuel than from LWR UO2 spent fuel. Recovered U (RU) is 
better to be purified and utilized in LWR again after re-enrichment because its higher 235U content than 
the natural U. The RM is transferred to FR fuel reprocessing to recover Pu/U followed by FR fresh fuel 
fabrication for the FR deployment.  If the FBR deployment rate becomes lower, the RM (~1/10 volume of 
original SF) will be temporarily stored until the higher rate again. The RM also contains FP/MA and has 
high proliferation resistance.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 1.  Typical Nuclear Fuel Cycle Systems for the LWR-to-FR Transition 
 
The temporary storage of reprocessed Pu/U must consider the growth of Am-241 from Pu-241 (half 
life: 14 years), which sometimes necessitates the re-purification of Pu/U. The temporary storage of LWR 
spent fuel must consider its accumulation, which might necessitates another storage facility (facilities).  
The temporary storage of recycle material (RM) should consider the development of new technologies, U 
recovery and RM preparation/temporary storage. These technologies are the key points for the application 
of FFCI to the LWR-to-FR transition fuel cycle.  
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3. Development Items for FFCI 
3.1. U removal 
Several U removal technologies have been developed and under development worldwide, and can be 
applied to FFCI system. Table 1 shows the comparison among spent fuel reprocessing methods which 
include U removal technologies. The PUREX method is already developed and adopted in the actual 
reprocessing plants. Other methods are on the development stages by nuclear institutions. The features of 
U removal technologies are described from the view points of U removal order in the reprocessing 
process, utilized media numbers, removed U purity, removed U form, and U removal residue form. These 
features were evaluated to be better for earlier U removal, small media numbers, high U purity, and 
normal U/residue forms in order to minimize the processes and be suitable for further treatments. Among 
wet removal technologies co-crystallization seems best except removed U purity which would be 
improved by further treatment of removed U nitrate. For dry removal technologies fluoride volatility 
seems best except U removal residue form which can be converted to oxide. The removed U form of 
fluoride is the most preferable for its re-enrichment by centrifuges. Thus co-crystallization and fluoride 
volatility technologies are evaluated to be most suitable for FFCI system.  
The simulated RM oxide and fluoride were chosen for the applicability investigations of RM 
temporary storage, which means that the evaluation results can also be applied to other U removal 
technologies because all technologies except UREX can produce oxide RM.  
 
Table 1.  Reprocessing Methods and U Removal Technologies 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
3.2. RM preparation 
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~50% Pu and ~50% U) products. Japan Atomic Energy Agency (JAEA) has been developed fluidized bed 
and micro wave heating methods for the de-nitration of U and Pu/U, respectively. These technologies can 
be applied to FFCI system by considering the high radiation dose for the RM. Another applicable method 
for the conversion from nitrate to oxide is the first stage of French vitrification method, which calcinates 
high level waste nitrate solution in rotary kiln and heater. The criticality safety should be considered in 
this case because of the high Pu content for the RM.   
For other forms, chloride and fluoride could be the RM storage forms without any further treatment or 
after conversion to oxides. Organic compounds and metal seem to be unsuitable for the storage and need 
to be converted to inorganic oxides.  
3.3. RM temporary storage 
Prepared RM, preferably oxide powder could be inserted into a canister and safely stored in a facility. 
The canister should be airtight and corrosion resistant, to which the already developed technologies can 
be applied. The facility should have functions for safety storage of RM which has never handled in the 
conventional nuclear systems before. The similar material for RM is vitrified high level waste (HLW) 
generated from the spent fuel reprocessing plant, so the application of HLW storage facility was 
investigated considering the differences between vitrified HLW and RM storage form. The RM probably 
contains higher concentrations of FP and MA than the vitrified HLW, includes Pu and U too, and has the 
physical form of powder. Then the heat removal, criticality safety, radiation shielding, and powder 
stability are the important factors to be deal with for the feasibility of FFCI system.  
In order to evaluate the heat removal property, thermal conductivities of the simulated oxide powders 
were measured using natural U and cold (stable) FP. Plutonium was simulated by U and MA by rare earth 
element (Nd). The thermal conductivities of the fluorides were also measured and revealed to be higher 
than those of the oxides, so the heat removal analyses were mainly carried out for oxide RM storage 
facility. The RM canister will be inserted in the containment tube which will be surrounded by the draft 
tube and cooled by the natural air convection. Using commonly available thermofluid analysis code 
STAR-CD®, the temperature distribution was calculated inside and around the RM storage canister 
assuming the maximum heat generation from the RM, mainly due to FP decay heat. The minor 
modification of the RM storage canister from vitrified HLW one was smaller diameter for RM one for 
higher FP density and surface area increase. The results showed that the maximum temperatures at the 
canister (stored RM) center and the air outlet from the draft tube where the air contacts with concrete 
were below 610  and 65 , respectively. Each target temperature is no more than 800  and 65 , 
which is determined from the stabilities of oxide powder and the facility concrete structure.  
The criticality safety was investigated according to the philosophy of re-criticality assessment of FR, 
which assumes the heat removal function loss (LOCA: loss of coolant accident) and the fuel melt down 
with heavier actinides accumulation at the melt bottom. The Monte Carlo calculation by the MVP code 
clarified that the melted actinides (fissile nuclides) from RM gathers on the facility floor of which 
thickness is below the criticality, that is effective multiplication factor keff of less than 0.95. Radiation 
shielding will be easily achieved for the RM storage facility because the total FP amount is not so far 
from that of vitrified HLW.  
4. Proliferation Resistance 
The RM has higher FP concentration than the reprocessed Pu/U product (FR fresh fuel) and spent fuel, 
so the FFCI system has higher proliferation resistance than the ordinarily considered fuel cycle system. 
Figure 2 shows the equivalent dose rate for spent LWR fuel, RM, reprocessed Pu/U/MA and reprocessed 
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Pu/U products (FR fresh fuel with and without MA). The RM has higher dose rate than other temporary 
storage material (FR fresh fuel and LWR spent fuel) in case of lower FR deployment rate than previously 
planned.  
From the entire nuclear fuel cycle, the FFCI system will flexibly recover Pu/U just before the FR 
operation by the FR reprocessing plant from the RM with higher Pu content than the LWR spent fuel. On 
the contrary, the ordinary system will temporarily store the Pu/U product or spent LWR fuel for the FR 
deployment delay, which shows lower proliferation resistance than the FFCI system. Although the LWR 
spent fuel is known to have enough proliferation resistance, it needs several times higher reprocessing 
capacity to recover the same amount of Pu from spent fuel than from RM.  
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 2. Dose rate for temporary storage materials, LWR spent fuel, RM, FR fresh fuel with and without MA 
5. Conclusions 
Even after Fukushima Daiichi Nuclear Power Plant accident, nuclear energy and fuel cycle are still 
important for the long term stable electricity supply with low CO2 emission. The FFCI system has been 
newly proposed for its application to the LWR-to-FR transition period. The unique points of FFCI are 
only ~90% U removal in the LWR spent fuel reprocessing and residual RM temporary storage in case of 
FR deployment stagnation. The unique points and issues to be developed for the FFCI system compared 
with the ordinary system are U removal, RM preparation and RM temporary storage. The authors aim to 
apply the existing and/or developing technologies to these issues. Most reprocessing methods can be 
applied to the U removal, denitration and calcination to RM preparation, and vitrified HLW storage to 
RM temporary storage. The applicability for storage technology was confirmed by thermal conductivity 
measurement of the simulated RM and heat removal and criticality calculations. The FFCI system has 
higher proliferation resistance than the ordinary system due to the higher dose rate of RM than other 
temporarily storage materials. The FFCI system also has the cost merit due to only U removal function 
(no full function) for the LWR spent fuel reprocessing and flexibly respond the FR deployment rate.  
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